We developed abscinazole-E1 (Abz-E1), a specific inhibitor of abscisic acid (ABA) 8'-hydroxylase (CYP707A). This inhibitor was designed and synthesized as an enlarged analogue of uniconazole (UNI), a well-known plant growth retardant, which inhibits a gibberellin biosynthetic enzyme (ent-kaurene oxidase, CYP701A) as well as CYP707A. Our results showed that Abz-E1 functions as a potent inhibitor of CYP707A and a poor inhibitor of CYP701A both in vitro and in vivo. Abz-E1 application to plants resulted in improved desiccation tolerance and an increase in endogenous ABA.
Introduction
Abscisic acid (ABA) is a plant hormone involved in stress tolerance, stomatal closure, seed dormancy, and other physiological events. [1] [2] [3] [4] The endogenous levels of ABA in plants are cooperatively controlled by biosynthesis, transport, and catabolic inactivation in response to environmental changes. [1] [2] [3] [4] A natural or artificial chemical that perturbs this highly controlled system is promising not only as a chemical probe for the mechanism of ABA action, 5 but also because of its potential use in agriculture and horticulture. Although ABA is registered as a farm chemical (plant growth regulator), its practical use has been limited, mainly due to its weak effect in field trials, 6 considered to be due to its rapid inactivation through biodegradation. Catabolic inactivation of ABA is mainly controlled by ABA 8'-hydroxylase, which is the cytochrome P450 catalyzing the C8'-hydroxylation of ABA to 8'-hydroxy-ABA and its more stable tautomer, phaseic acid (PA), which has much lower hormonal activity than ABA (Fig. 1) . 4 
ABA 8'-hydroxylase was identified as CYP707A1-4 in the model plant
Arabidopsis thaliana in 2004, 7, 8 and since then many CYP707A isozymes have been found in plants. [9] [10] [11] [12] Gene knockdown and overexpression studies suggest that ABA 8'-hydroxylase is a key enzyme for controlling ABA concentration during water deficit stress or dormancy maintenance and breaking. 13, 14 S-Uniconazole (UNI), a plant growth retardant developed in the 1980s, 15, 16 functions as an inhibitor of CYP707A 17 in addition to ent-kaurene oxidase (CYP701A), which catalyzes the three-step oxidation of ent-kaurene to ent-kaurenoic acid (KA), 18 a biosynthetic precursor of the plant hormone gibberellin (GA). S-Diniconazole, the R enantiomer of which is a fungicide with a structure very similar to UNI, also inhibits CYP707A, 19 although it arrests plant growth. 20 The broad inhibition spectrum of some azole compounds against P450 enzymes has apparently resulted from the heme coordination of an azole nitrogen, which is a common mechanism of azole P450 inhibitors. In other words, their specificity for individual P450 enzymes depends on structural properties other than the azole group.
In early work, 21 we focused on the small and flexible structure of UNI to develop a more specific inhibitor against CYP707A by three approaches: (1) molecular enlargement 22 ; (2) conformational restriction 23 ; and (3) modification of the azole ring. 24 All approaches resulted in an increase in specificity for CYP707A. Representative inhibitors are summarized in Table   1 . Although these inhibitors are more specific than UNI, they have drawbacks: a low synthetic yield for Abz-F1 and DSI-505M, and a low aqueous solubility for UT4. In the present study, we focused on the molecular enlargement approach to develop a novel UT derivative with higher water solubility than UT4 and with high extensibility to be transformed into diverse functional probes. This paper describes the design and preparation of UT1-E2Ts, which we named abscinazole-E1 (Abz-E1), and its in vitro and in vivo inhibition of CYP707A and CYP701A.
Results and Discussion

Design, preparation, and water solubility
In a previous study, we found that the CYP707A inhibitory potency of UT with protic groups such as hydroxy and carboxy groups at the C4' side chain is poor compared with that of UT with an alkyl side chain, although the 1,2,3-triazolyl moiety had no effect on the inhibitory potency. 22 This finding suggests that the CYP707A active site is relatively, but nor entirely, hydrophobic, like P450 active sites generally. Therefore, we selected ethylene glycol ether, which is a hydrophilic moiety with no protic group. Considering also extensibility to be transformed into diverse functional probes, we designed UT1-E2Ts with the tosylate of diethylene glycol as a novel UT derivative. UT1-E2Ts was easily prepared from the 4'-azide derivative of UNI, compound 2, using click chemistry, 25 like other UT derivatives 22 (Scheme 1). Water solubility of UT1-E2Ts was compared with UNI and UT4. Table 2 shows that UT1-E2Ts had higher water solubility than UT4, but slightly lower solubility than UNI.
Inhibition of Arabidopsis CYP707A3 and rice CYP701A6 in an in vitro enzyme assay
Inhibitory activity of UT1-E2Ts against ABA 8'-hydroxylase was examined using recombinant Arabidopsis CYP707A3 co-expressed with Arabidopsis P450 reductase (ATR2) in Escherichia coli. 22 The activity was evaluated based on the decrease in the amount of the enzymatic product, PA. The mode of inhibition was competitive (Fig. 2) and the inhibition constant (K I ) was 27±8 nM, which was almost equal to that of UNI (10 nM) ( Table 3 ). This means that UT1-E2Ts is the most potent CYP707A inhibitor, at least in vitro, among all the UT derivatives as well as Abz-F1 and DSI-505M.
To construct an assay system for evaluating inhibitory activity against ent-kaurene oxidase, CYP701A, we expressed recombinant rice (Oryza sativa L. cv. Nipponbare) CYP701A6 in insect cells using a baculovirus vector. This enzyme catalyzes all three steps to KA via the corresponding alcohol and aldehyde, 18 meaning that kinetic analysis is very complicated. Therefore, instead of the K I value, we evaluated the IC 50 value for formation of the end product, KA ( Fig. 2b and Table 3 ). The IC 50 value of UNI was 45 nM when 1 M ent-kaurene was used as the substrate, whereas that of UT1-E2Ts was 1 M under the same assay conditions. This means that the inhibitory activity of UT1-E2Ts against CYP701A6 was substantially reduced compared with UNI. We renamed UT1-E2Ts as abscinazole-E1 (Abz-E1) before testing it in bioassays.
Effect on seed germination and early growth
We tested the effect of Abz-E1 on germination of Arabidopsis and lettuce seeds. Although Abz-E1 exhibited no effect on rooting of Arabidopsis and lettuce seeds, it affected leaf emergence of Arabidopsis slightly at 100 M, similarly to UNI at 10 M (Fig. 3) . Abz-E1 enhanced the effect of ABA on early growth of lettuce upon simultaneous application of 100 M of Abz-E1 (Fig. 4) . We also tested the effect of Abz-E1 on early growth of rice seedlings and found it had little effect on seedling growth (Fig. 5) . These results suggest that Abz-E1
does not function as a potent inhibitor of P450 enzymes (e.g., CYP701A) involved in seed germination and seedling growth, whereas it may inhibit the catabolism of ABA in vivo.
Effect on stomatal closure, drought tolerance, and endogenous ABA and PA
To determine whether in vivo inhibition of Abz-E1 against CYP707A is sufficient to intensify ABA-induced physiological responses, we tested the effect of Abz-E1 on stomatal aperture, drought tolerance, and endogenous amount of ABA and its catabolite PA. We tested 90-day-old apple seedlings by spraying them with an aqueous solution containing Abz-E1 at 10 M. The seedlings were water-stressed for 12 days beginning 24 h after treatment with the inhibitor, and then rehydrated on the 13th day. Application of Abz-E1 before dehydration induced drought tolerance ( Fig. 6a ) and stomatal closure ( Fig. 6b ) during dehydration. The endogenous amount of ABA during dehydration increased significantly after treatment with Abz-E1 (Fig. 6c) , whereas the amount of PA decreased (Fig. 6d ). This indicates that Abz-E1 inhibited the hydroxylation of ABA to PA by CYP707A in apple seedlings.
Conclusions
UNI, which was developed as an inhibitor of a GA biosynthetic enzyme (CYP701A), is a low selectivity P450 inhibitor that inhibits multiple P450 enzymes including ABA 8'-hydroxylase (CYP707A). Based on our speculation that the low selectivity of UNI may have resulted from its small size, we earlier developed enlarged UNI analogues, UT compounds, that have a 1,2,3-triazolyl alkyl chain. Although UT compounds showed strong CYP707A inhibition, the biological activity of most of UT compounds was not tested because of their water insolubility. Because the introduction of protic functional groups in the alkyl chain diminished the inhibitory activity, in the present study we developed Abz-E1, which has a diethylene glycol chain with a terminal tosylate. Abz-E1 showed good water solubility and strong inhibitory activity against CYP707A in vitro and in vivo, equivalent to that of UNI. On the other hand, against CYP701A, Abz-E1 was a poorer inhibitor than UNI. Abz-E1 is expected to be a useful tool in chemical biology and chemical genetics as well as a novel plant growth regulator. Moreover, because Abz-E1 has a terminal tosylate, it is expected to be a useful precursor for synthesis of multifunctional chemical probes.
Experimental
General
(+)-ABA was a gift from Toray Industries Inc., Tokyo, Japan. ent-Kaurene and ent-kaurenoic acid were a gift from Prof. Tomonobu Toyomasu (Yamagata University) and Dr.
Shinjiro Yamaguchi (RIKEN Plant Science Center), respectively. ent-Kaurenoic acid was also purchased from Olchemlm Ltd., Czech Republic. 1 H NMR spectra were recorded with tetramethylsilane as the internal standard using JEOL JNM-EX270 (270 MHz) and JNM-LA500 (500 MHz) NMR spectrometers. 13 C NMR and 2D-correlation NMR experiments were recorded using a JNM-LA500 (500 MHz) NMR spectrometer. High resolution mass spectra were obtained with a JEOL JMS-T100LC "AccuTOF". Column chromatography was performed on silica gel (Wakogel C-200).
Synthesis of UT1-E2Ts (Abz-E1)
2-(2-(Prop-2-ynyloxy)ethoxy)ethyl 4-methylbenzenesulfonate (1)
To a stirred solution of propargyl alcohol (100 mg, 1.8 mmol) in dry DMF (30 mL) was added NaH (60% in oil, 900 mg, 22 mmol) at 0 °C under Ar. After stirring for 30 min at room temperature, diethylene glycol bis(p-toluenesulfonate) (2.8 g, 6.7 mmol) was added to the mixture at 0 °C. The mixture was stirred for 1 h at room temperature. After quenching with sat. NH 4 Cl at 0 °C, the resulting mixture was extracted with EtOAc (250 mL × 3). The organic layer was washed with brine, dried over Na 2 SO 4 , and concentrated in vacuo. The residual oil was purified by silica gel column chromatography with 20% EtOAc in hexane to obtain 1 (410 mg, 78%) as a colorless oil. (1-(4-(3-Hydroxy-4,4-dimethyl-2-(1H-1,2,4-triazol-1-yl) 
(E)-2-(2-(
Water-solubility test
MeOH solutions of test samples were put in a glass vial and concentrated in vacuo.
Distilled water (2 mL) or MeOH (2 mL) was added to the vial. After shaking several times, 10 
CYP701A6
The microsomal fractions of OsCYP701A6 were combined with purified NADPH-P450
reductase. 28 Assays of 400 µL contained 50 mM potassium phosphate (pH 7.25), 25 pmol ml of OsCYP701A6 microsomal fraction, purified NADPH-P450 reductase (0.1 U), ent-kaurene were transferred to 24-well plates placed on two sheets of filter paper, and allowed to germinate under continuous light for 24 h at 22 °C. All assays were conducted at least twice.
Lettuce seed germination and growth assays
Five seeds (Lactuca sativa L. cv. Grand Rapids) were placed in 24-well plates on two sheets of filter paper soaked in 0.2 mL of a test solution and allowed to germinate and grow under continuous light for 23 days at 22 °C. All assays were conducted at least twice.
Rice seedling elongation assay
Seeds of rice (O. sativa L. cv. Nipponbare) were sterilized with EtOH for 5 min and washed with running tap water. The sterilized seeds were soaked in water for 3 days at 25 °C to germinate. The seeds were then placed in a glass tube containing 2 mL of a test solution and grown with the tube sealed with a plastic cap under continuous light at 25 °C. When the seedlings were 7 days old, the length of the second leaf sheath was measured. All assays were conducted at least twice.
Drought tolerance assay
Apple [Malus sylvestris (L.) Mill. var. domestica (Borkh.) Mansf.] cultivar Fuji seeds were soaked overnight in water, then sown in moist vermiculite and grown in a greenhouse.
Seedlings (90 days old) were sprayed uniformly with 2 mL of a test solution (10, 50, or 100 M) containing Abz-E1 or distilled water (control) 24 h before water-stressing them for 12 days. Stomatal aperture was measured as follows: the extent of opening of 10 stomatal apertures per leaf was observed using a TM-1000 microscope (Hitachi High-Technologies Co., Tokyo, Japan); three leaves from three randomly selected seedlings (one leaf per seedling) were used for a total of 30 stomata per treatment.
ABA and PA analysis and quantification in apple seedlings
3,5,5,7,7,7-Hexadeuterated ABA (ABA-d 6 ) was purchased from Shoko Co. (Tokyo, Japan). PA was received as described by Hirai et al. 29 An internal standard of PA, 7,7,7-trideuterated PA (PA-d 3 ), was prepared according to a previously reported method. 30 The extraction and quantification of ABA and PA in apple seedlings were performed according to a previously reported method 31 using HPLC and gas chromatography-mass spectrometry-selective ion monitoring (GC-MS-SIM) (Shimadzu QP5000 
